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1. INTRODUCTION

1.1. Rare diseases

Rare diseases (RDs) are defined by the European Union as life-threatening or
chronically debilitating conditions whose prevalence is less than 5 in 10 000 of the
general population. Nowadays, there are more than 8000 distinct RDs and 6-8% of
the European population is affected by a rare disease at some point in their lives
(Baldovino et al., 2016). In other words, 27 - 36 million persons are affected by
thousands of different types of rare disease in the European Union (Aronson, 2006).

In opposite with common diseases, RDs are usually monogenic disorders and
they are mostly determined by the presence or the absence of any causative genetic
alteration which can cause the consequential failure of the certain protein and can
lead to the development of the disease.

RDs represent a major challenge for health care organizations due to the
small number of patients and the lack of the relevant knowledge and expertise of the
specific rare disease. Nowadays, the attention is significantly directed to RDs: to
improving the quality and traceability of RDs in health information systems,
the European Commission aids the Orphanet approach by using Orphacodes.
The Orphacode is a nomenclature based on published expert classifications and peer-
reviewed papers (Aymé S et al., 2015).

Investigations on RDs are essential for the development of the knowledge
about the genetic background on these diseases and the research can provide a novel

therapeutic modality for the affected patients in the future.

In my thesis, | have summarized the results of my genetic investigations in
very stigmatizing, rare monogenic diseases: the clinical variants of the cathepsin C
gene (CTSC) mutation-caused disease spectrum such as Papillon-Lefévre syndrome
and Haim-Munk syndrome, atypical neurofibromatosis type 1 mimicking overgrowth

syndrome and unilateral overgrowth of two fingers (macrodactyly).



1.2. The CTSC mutation-caused disease spectrum

1.2.1. Papillon-Lefévre syndrome

Papillon-Lefévre (PLS; OMIM 245000) syndrome is a rare, autosomal
recessive disorder, characterized by symmetrical palmoplantar hyperkeratosis and
severe periodontitis leading to the loss of both the primary and permanent teeth. Skin
symptoms include transgrediens spread with hyperkeratosis of palms and soles.
Patients with PLS can also develop mild mental retardation, calcification of the dura
mater, hyperhidrosis and increased susceptibility to infections (Dalgic et al., 2011,
Gorlin et al., 1964; Haneke, 1979). PLS was first decribed by Paul-Henri Papillon
and Paul Lefévre in 1924 (Papillon and Lefévre, 1924).

The prevalence of PLS is estimated four cases per million and to date, approximately
300 cases have been reported worldwide. Parental consanguinity has been noted in
more than 50% of these cases (Gorlin et al., 1964; Hewitt et al., 2004).

1.2.2. Haim-Munk syndrome

Haim-Munk syndrome (HMS; OMIM 245010) and PLS are characterized by
overlapping dermatological and dental symptoms such as hyperkeratosis of the palms
and soles as well as severe periodontitis (Nagy et al., 2014; Selvaraju et al., 2003).
Besides these symptoms, specific features of HMS include pes planus,
arachnodactyly, acroosteolysis and onychogryphosis (Haim and Munk, 1965; Hart et
al., 1999). HMS is named after Salim Haim and J. Munk who described for the first
time the disease entity among a few members of an extended Jewish family from
Cochin, India in 1965 (Haim and Munk, 1965). HMS is inherited as an autosomal
recessive trait and the prevalence of the disease is approximately one case per
million. Fewer than 100 HMS cases have been reported in the literature to date.
The majority of these reported cases are descendants of a few consanguineous
families from a religious isolate in Cochin, India. One unrelated Brazilian patient has
also been reported (Haim and Munk, 1965; Hart et al., 1999).



1.2.3. Aggressive periodontitis type 1

Aggressive periodontitis type 1 (AP1; OMIM 170650) is an autosomal
recessive condition characterized by severe periodontal inflammation leading to
tooth loss. The prevalence of the disease is approximately less than one case per
million individuals and so far only a few cases were described in the literature (Hart
et al., 2000c; Hewitt et al., 2004).

1.2.4. Genetic background

PLS, HMS and AP1 are both inherited in an autosomal recessive manner and
develop as a consequence of mutations of the cathepsin C (CTSC; OMIM 602365)
gene (Adkison et al., 2002; Toomes et al., 1999). The CTSC gene has been mapped
to human chromosome 11q14-g21, spans over 44.2 kb and contains seven exons and
six introns (Toomes et al., 1999) (Figure 1).
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Figure 1. Schematic drawing of the cathepsin C (CTSC) gene
(Ensembl Genome Browser). The horizontal line illustrates the gene and the vertical
lines indicate the exons.

The CTSC gene encodes the cathepsin C protein, a 200 kDa lysosomal exo-
cysteine proteinase belonging to the peptidase C1 family. The cathepsin C protein is
a tetrameric enzyme consisting of four subunits linked together by non-covalent
bonds (Dolenc et al., 1995; Turk et al., 2001). There are three polypeptide chains in
each subunit: an N-terminal fragment or exclusion domain (~13 kDa), a heavy chain
(~23 kDa), and a light chain (~7 kDa) (Turk et al., 2001) (Figure 2).
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Figure 2. Schematic drawing of the cathepsin C protein structure



Cathepsin C plays an important role in various immune reactions and
inflammatory reactions via activation of various granular serine proteinases from
neutrophils (proteinase 3, elastase, cathepsin G and NSP-4) (Adkison et al., 2002;
Perera et al., 2013), mast cells (Wolters et al., 2001), cytotoxic T lymphocytes and
natural killer cells (Meade et al., 2006). Cathepsin C was proved as the activator of
the serine proteinases elastase, cathepsin G and proteinase 3 in polymorphonuclear
leukocytes by Adkison et al. in a cathepsin C knockout mice model (Adkison et al.,
2002).

Previous studies have been reported 79 different CTSC gene mutations from
ethnically diverse populations, which mainly include point mutations (Kobayashi et
al., 2013; Li et al., 2014; Nagy et al., 2014; Tekin et al., 2016). However a large,
110 kb deletion (Chrll: 88032292:88142997 [NC _000011]) also have been
identified by Wu et al. in 2016 (Wu et al., 2016). The majority of the 79 mutations
(78 of 79, 99%), have been detected in PLS patients, whereas only 4% (three of 79),
have been associated with HMS (Hart et al., 1999; Kobayashi et al., 2013; Li et al.,
2014; Nagy et al., 2014; Papillon and Lefévre, 1924; Selvaraju et al., 2003; Tekin et
al., 2016). Two mutations (c.145C/T p.GIn49X and c.857A/G p.GIn286Arg) were
present in patients exhibiting both PLS and HMS phenotypes. Only one mutation
(c.587T/C p.Leul96Pro) has been associated exclusively with HMS (Cury et al.,
2002; Papillon and Lefévre, 1924; Selvaraju et al., 2003; Turk et al., 2001)

1.3. PIK3CA-related overgrowth spectrum

Somatic mutations in the phosphatidylinositol 3-kinase catalytic alpha
(PIK3CA, OMIM 171834) gene cause segmental overgrowth disorders. These
PIK3CA-related overgrowth diseases include fibroadipose hyperplasia and non-
classifiable conditions characterized by muscular, boney and fatty tissue overgrowth,
congenital lipomatous overgrowth, vascular malformations, epidermal nevi and
skeletal abnormalities (CLOVES) syndrome, macrodactyly, hemihyperplasia
multiple lipomatosis, and the brain overgrowth conditions megalencephaly capillary
malformation and  megalencephaly-polymicrogyria-hydrocephalus  syndrome
(MPPH) (Kurek et al., 2012; Lee et al., 2012; Lindhurst et al., 2012; Riviere et al.,
2012; Mirzaa et al., 2013; Rasmussen et al., 2014). These previously described
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disease entities have overlapping clinical symptoms and represent a phenotypic
spectrum (Keppler-Noreuil et al., 2014). The phenotypic heterogeneity in these
syndromes is attributed to the location of the cells bearing the mutation and to the

proportion of the affected cells in the patient’s tissues (Cohen et al., 2014).

1.3.1. Macrodactyly

Macrodactyly (OMIM 155500) refers to a rare congenital malformation
occurring in approximately 1 in 100,000 live births and is characterized by an
increase in the size of all the structures of the limbs, including soft tissues, bones,
vessels, nerves and skin (Rios et al., 2013). It typically affects the terminal portions
of the limb within a “nerve territory” and the individual peripheral nerve is both
enlarged and elongated (Rios et al., 2013). Recently macrodactyly has been added to
the growing list of overgrowth syndromes (Kurek et al., 2012; Rios et al., 2013;
Emrick et al., 2014).

1.3.2. Genetic background

91,57 kb

Figure 3. Schematic drawing of the phosphatidylinositol 3-kinase catalytic alpha
(PIK3CA) gene (Ensembl Genome Browser). The horizontal line illustrates the gene
and the vertical lines indicate the exons.

The PIK3CA gene has been mapped to human chromosome 3¢26.32, spans
over 91,57 kb and comprises 20 coding exons (ENST00000263967.3, Ensembl
Genome Browser) (Figure 3). The PIK3CA gene encodes the p110 alpha catalytic
subunit of the phosphatidylinositol 3-kinase protein (PI3K). PI3K contains two
subunits: an 85 kDa regulatory, and a 110 kDa catalytic subunit. This protein
phosphorylates phosphatidylinositol (PtdIns), phosphatidylinositol 4-phosphate
(PtdIns4P) and phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) to generate
phosphatidylinositol 3,4,5-trisphosphate (PIP3). PIP3 plays an important role via

activating signaling cascades involved in cell growth, survival, proliferation, motility


http://www.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000121879;r=3:179148114-179240093;t=ENST00000263967
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and morphology by recruiting AKT1 and PDPKL1 proteins to the cell membrane.
Therefore, PI3K is an upstream regulator of the AKT-mTOR cell-signaling pathway
(Rios et al., 2013) (Figure 4).

Cell cycle/apoptosis regulation, metabolism, angiogenesis

Figure 4. PI3K-AKT signaling pathway. PI3K protein is an upstream regulator
of the AKT-mTOR cell-signaling pathway. (Keppler-Noreuil et al., 2015)

PIK3CA gene has been found the most commonly mutated proto-oncogene
and has been implicated in human somatic cancers (Kandoth et al., 2013).
In the majority of patients with CLOVES, Klippel-Trenaunay syndrome,
fibroadipose hyperplasia, hemimegalencephaly and macrodactyly have been reported
three cancer hotspot mutations (p.Glu542Lys, p.Glub45Lys, and p.His1047Arg)
(Cancer Genome Atlas Network, 2012; Hoadley et al., 2014; Kandoth et al., 2013).
Previous studies have shown that postzygotic PIK3CA mutations are usually not
detectable in blood samples of affected individuals, except in patients with
megalencephaly capillary malformation syndrome (Keppler-Noreuil et al., 2015;
Mirzaa et al., 2016; Riviére et al., 2012). The mutation screening of the PIK3CA
gene requires specimens from an affected region, such as a skin biopsy or a surgical

sample from an overgrown tissue (Kuentz et al., 2017).
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1.4. Neurofibromatosis type 1

1.4.1. Clinical symptoms

Neurofibromatosis type 1 (NF1; OMIM 162200) is a rare monogenic disease

with autosomal dominant inheritance due to mutations in the neurofibromin gene
(NF1; OMIM 613113) (Huson, 2008; Mukonoweshuro et al., 1999). The clinical
features of NF1 involve pigmentary changes such as café-au-lait macules and
axillary freckling, the development of cutaneous fibromatous tumors and the
development of hamartomas of the iris known as Lisch nodules (Huson, 2008;
Mukonoweshuro et al., 1999). Besides these symptoms, central nervous system and
skeletal abnormalities (mainly scoliosis, pseudoarthrosis of the tibia, macrocephaly
and short stature) can occur (Stevenson et al., 1999; Pasmant et al., 2010; Spiegel et
al., 2005). Frequently reported vascular symptoms are the vascular dysplasia with
cerebral, gastro intestinal and/or renal involvement and the renovascular
hypertension (Stevenson et al., 1999; Pasmant et al., 2010; Spiegel et al., 2005).
NF1 was firstly described by Professor Von Recklinghausen, a German pathologist
in 1882 (Brosius, 2010). NF1 is one of the most common monogenic disorders
worldwide, the prevalence of the disease is approximately 1 in 3000 live births (Yap
et al., 2014; Williams et al., 2009).

1.4.2. Genetic background

The NF1 gene has been localized to the human chromosome 17q11.2,
contains 58 coding exons and spans over 282,75 kb (ENST00000358273.8, Ensembl
Genome Browser). This gene encodes the neurofibromin, a cytoplasmic protein that
is mainly expressed in neurons, Schwann cells, oligodendrocytes, and leukocytes.
It is a multidomain molecule which is capable of regulating several intracellular
processes, such as the RAS-cyclic AMP pathway, the ERK/MAP Kkinase cascade,
adenylyl cyclase and cytoskeletal assembly (Trovo-Marqui and Tajara, 2006).

NF1 may be caused by many different loss-of-function mutations of the NF1
gene (Huson, 2008; Mukonoweshuro et al., 1999). In about 5% of patients with NF1,
microdeletions of the NF1 gene and/or the surrounding genomic region are

responsible for the disease (Pasmant et al., 2010; Ning et al., 2015). In patients with


https://www.omim.org/entry/162200#284
http://www.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000196712;r=17:31094927-31382116;t=ENST00000358273
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NF1 microdeletion, somatic overgrowth has been frequently observed (Spiegel et al.,
2005). Mosaic overgrowth affecting a well-defined region of the body have only
been rarely reported in NF1. In these previous reports, unilateral or bilateral breast
enlargement (Sharma and Jain, 2009; Friedrich et al., 2015), gingival overgrowth

(Mahajan et al., 2010) and clitoromegaly (Karabouta et al., 2015) were observed.

1.5. Aims

RDs represent a major challenge for health care organizations due to the
small number of patients and the lack of the relevant knowledge and expertise of the
specific rare disease. Therefore, my thesis focuses on the molecular genetic
investigations of the RDs. The investigated RDs belong to the groups of the CTSC,
PIK3CA and NF1 mutations-caused disease spectrum. With the performed genetic
and haplotype studies, my aim was to identify the underlying molecular mechanisms
in patients affected by Papillon-Lefévre syndrome, Haim-Munk syndrome, atypical
neurofibromatosis type 1, and unilateral macrodactyly. Although the investigated
diseases involve rare phenotypic variants, their symptoms result in a huge life-long
burden physically and mentally. Revealing the mechanism of the observed atypical
phenotypes and phenotypic diversity in the investigated RDs contribute to the
understanding of these diseases. The proposed genetic investigations might also lead
to the identification of novel therapeutic target molecules and, eventually, to the
development of novel therapeutic modalities for patients with RDs. These
investigations have been performed in accordance with the current trends of
biomedical research of the European Union, which supports the investigation of rare,
so-called “neglected” diseases, since the mechanisms revealed in RDs would also
lead to the further understanding of the mechanisms of common diseases. As my
investigation on Papillon-Lefévre syndrome, Haim-Munk syndrome, atypical
neurofibromatosis type 1, and unilateral macrodactyly might provide further insights
into common mechanisms of palmoplantar hyperkeratosis and overgrowth of certain

body parts.
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2. PATIENTS AND METHODS

2.1. Patients

2.1.1. Hungarian patient affected by Haim-Munk syndrome

A 39-year-old Hungarian woman (Patient 1) presented with a typical HMS
phenotype. Mild hyperkeratotic plaques were observed symmetrically on her palms
(Figure 5a) and soles (Figure 5c, 5d). Onychogryphosis and arachnodactyly were
noted on her fingers (Figure 5b) and pes planus on her soles (Figure 5c, 5d). The
patient lost all permanent teeth and uses a permanent dental prosthesis. She was
brought up in state care without knowing her parents and has no husband or child.

She was not aware of any known relatives.

Figure 5. The clinical pictures of the HMS patient. Patient I, presenting with HMS,
exhibited mild hyperkeratosis on her palms (a), onychogryphosis and arachnodactly
of her fingers (b) and mild hyperkeratosis and pes planus on her soles (c,d).
(Suldk et al., 2016)
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2.1.2. Hungarian patient affected by Papillon-Lefévre syndrome

A 25-year-old Hungarian man (Patient Il) presented with the classical PLS
phenotype. The hyperkeratosis on his palms (Figure 6b) and soles (Figure 6d) was
more severe than the symptoms of Patient I. Onychogryphosis, arachnodactyly and
pes planus were not present (Figure 6a, 6¢). He was also missing all permanent teeth
and using a permanent dental prosthesis. His parents and his wife were clinically
unaffected. He had no siblings or children. He was not aware of any family members
that are clinically affected.

a

Figure 6. The clinical pictures of the PLS patient. Patient Il, presenting with PLS,
was affected by moderate hyperkeratosis of his palms (b) and soles (d) and exhibited
no specific symptoms of HMS. (Suldk et al., 2016)

Both patients were referred to the out-patient clinic of the Mér Kaposi Teaching

Hospital (Kaposvar; Hungary).
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2.1.3. Hungarian girl affected by isolated macrodactyly and syndactyly

A 4-year-old Hungarian girl was referred to the University of Szeged
Department of Medical Genetics with isolated macrodactyly on the third and fourth
fingers of the left hand (Figure 7a). X-ray imaging proved that the disease is
characterized not only by the overgrowth of the soft tissues but also by the
overgrowth of the bones of the affected fingers (Figure 7b). In addition to
macrodactyly, syndactyly was associated with concrescence of the fingers and was
constrained to the soft tissues of the affected fingers and not to the bones (Figure 7a,
7b). The macrodactyly and syndactyly of the left hand was present at birth and
slowly progressed with the growth of the child. On examination, no vascular
abnormality was present. There was no associated abnormality of the internal organs.
Other body parts were symmetric and equally developed. The patient's parents were
clinically unaffected, and they were not aware of any other family members with

either macrodactyly or syndactyly (Figure 7c).

DO Unaffected family
members
Investigated patient with
isolated macrodactyly

Figure 7. Macrodactyly and syndactyly in a 4-year-old girl (a). Clinical features
and bone radiographs of the patient (b). The patient's family is clinically
asymptomatic (c). (Tripolszki K, Knox R, Parker V, Semple R, Farkas K, Sulak A et
al., 2016)
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2.1.4. Hungarian patient affected by neurofibromatosis type 1

A 52-year-old Hungarian woman was referred to our out-patient clinic with
an unusual phenotype exhibiting the clinical features of NF1. The patient was
presented with the typical skin symptoms of NF1, including neurofibromas and cafe-
au-lait macules on her body (Figure 8a, 8b) and axillary freckling. Ophthalmological
examination determined the presence of Lisch nodules. Imaging studies did not find
any indication of central nervous system malignancies. The skeletal abnormalities
scoliosis, tibial pseudoarthrosis, short stature and macrocephaly were not present.
Based on the clinical symptoms, the diagnosis of NF1 was established. In addition to
the above described clinical features, the patient was also noted to have hypertrophy
of the left leg, resulting in significant differences in the circumference and length of
the legs (Figure 8c, 8d). This abnormality of the left leg was already present at birth.
Imaging studies verified unilateral osteohypertrophy affecting the left leg.

When questioned about her family history, the patient was not aware of any relevant
chronic diseases or other family members with NF1 or with overgrowth syndromes

(Figure 8e).

Unaffected

DC)family members

. Investigated patient
with NF1 and KTS

Figure 8.  The clinical symptoms of the affected Hungarian woman.
The patient presenting the clinical phenotype of NF1 over her whole body, including
her chest (a) and back (b). Unilateral osteohypertrophy affects her left leg (c, d).
The rest of the patient’s family are clinically asymptomatic (e). (Tripolszki K, Farkas
K, Sulak A et al., 2017)
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2. 2. Methods

2.2. 1. DNA isolation

The performed genetic investigations were approved by the Internal Review
Board of the University of Szeged, which was conducted according to the Principles
of the Declaration of Helsinki. After written informed consent was obtained from all
investigated individuals, peripheral blood samples, tissue biopsy and deep surgical
excision of the affected tissues were collected from the investigated patients and
from unrelated controls for genetic analysis. Genomic DNA was extracted from the
whole blood samples by a BioRobot EZ1 DSP Workstation (QIAGEN, Hilden,
Germany). DNA extraction from tissues was isolated with the QlAamp DNA Mini
Kit (QIAGEN, Hilden, Germany). During the isolation, after proteinase K digestion,
washings with alcohol were done following the instructions. Genomic DNA was
dissolved in 100 pl distilled water.

2. 2. 2. Polymerase chain reaction (PCR) amplification

The coding regions and flanking introns of the investigated genes were
amplified by PCR with specific primers. Amplifications were carried out in 20 pl
volumes containing 4 pl sample DNA (50ng/uL), 9 pl Dream Tagq Green PCR
Master Mix (Fermentas), 4 ul distilled water and 1,5 - 1,5 pl of each primers (10
pmol/uL). The using primer sequences were obtained from the UCSC Genome
Browser (www.genome.ucsc.edu) and Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/).
The PCR conditions were the following: after an initial denaturation step at 95 °C for
10 min, 40 cycles of amplification was performed consisting of 30 sec at 95 °C
(denaturation), 30 sec at the optimal annealing temperatures of the primers (~59°C)
and 45 sec at 72°C (synthesis). The annealing temperature and the number of the
cycles were depended on the primers, the synthesis reaction time was determined
according to the length of the reaction product.

Finally a 10 min terminal elongation step was followed at 72°C in a MyCycler PCR
machine (BioRad).


http://www.genome.ucsc.edu/
http://bioinfo.ut.ee/primer3-0.4.0/
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2. 2. 3. Gel electrophoresis and gel documentation

The PCR products were checked on 2% agarose gel (SeaKem LE agarose,
Lonza) using TBE buffer (Lonza) and visualized by 2,5 pul GelRed (Biotium)
staining. The gel was analyzed by BioRad Molecular Imager® GelDoc™ XR gel
documentation system with QuantityOne software.

2. 2. 4. Sequencing

After amplifying the coding regions and flanking introns of the investigated
genes, DNA sequencing was performed on the purified amplification products.
The suitable PCR products were sequenced by a traditional capillary sequencer in an
ABI Prism 7000 (Applied Biosystems) sequencing machine with Big Dye
Terminator v3.1 Cycle Sequencing Kit (Applied Bio systems). The service of the
sequencing was offered by Delta Bio 2000 Kft.

2. 2. 5. In-house PCR-based restriction fragment assay

The mutational hotspots of the PIK3CA gene were screened using an in-house
PCR-based restriction fragment assay which has been previously described by
Keppler-Noreuil et al. in 2014 (Cambridge, UK). Examining the region surrounding
codon 542, a PCR product of 180 base pairs in length was amplified and digested
with the Xbal restriction enzyme for 2 hours at 37°C (Figure 9). The resulting
fragments were detected by fluorescent read-out using GeneMapper® software with
GeneScan LI1Z 500 (Life Technologies Corporation) as the size standard.

€ 1624 G/A
Genomic TLTGTAAATCATCTGT  TGAAATCACTGAGCAGGAGAAAG
I )
FAM
Forward 1 T GTAAATCATCTGTGAATCCAGAGGS CTTAGTGACTCGTCCT CTT T Reverse

Prirmer Primer

Figure 9. The localization of the investigated mutation on the PIK3CA gene and the
primer sequences used for PCR-based restriction fragment assay
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2. 2. 6. Haplotype analysis

For the haplotype analysis, common polymorphisms located in the 3’ and 5’
prime region of the identified mutation were genotyped using direct sequencing of
the flanking coding and non-coding regions of the CTSC gene. Sequencing data was
analyzed to screen for any additional mutations and to genotype all the common
polymorphisms of the CTSC gene.

Based on the polymorphism data, haplotype analysis was performed to elucidate any

familial relationship between the two investigated patients.
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3.1. Genetic and haplotype investigations of the cathepsin C (CTSC) gene

3.1.1. Genetic investigation of the CTSC gene

After optimizing the PCR conditions, the coding regions and the flanking

introns of the CTSC gene were amplified. Primers were designed on the UCSC

Genome Browser (www.genome.ucsc.edu) (Table 1).

Primer 5°-3’ sequence

CTSC-X1-Fw CTCGGCTTCCTG GTAATTCTT
CTSC-X1-Rev GAA GCG GTAGTT GGC GTG
CTSC-X2-Fw CAA ACT GGG TAG CAT GAA AGG
CTSC-X2-Rev GAG TGG TGT CAATTCCGG TC
CTSC-X3-Fw GCC ATG GAA ATG GACCTG
CTSC-X3-Rev TGG TCCATTACTTTT GGA ACACT
CTSC-X4-Fw GCA CAG AGT GTG AATGCC TG
CTSC-X4-Rev AGG ACT GCT TAG GAG GGA GG
CTSC-X5-Fw GGA AAT CAT CCT CAA AGG AAAG
CTSC-X5-Rev GTATCC CCG AAATCCATCAC
CTSC-X6-Fw TGC ATG ATT CTC TGT GAG GC
CTSC-X6-Rev GGC CAG ACT TGC ACT CAG AT
CTSC-X7a-Fw TTC AGG GGT AAC ATG CAA AG
CTSC-XT7a-Rev CAT AGC CCACAAGCAGAACA
CTSC-X7b-Fw CTG CAATGAAGCCCTGATG

CTSC-X7b-Rev

GAT TGC TGC TGA AAG TCT ACAGTC

Table 1. The list of the CTSC primers used for genetic investigations.

The results of PCR were checked by agarose gel electrophoresis (Figure 10)

and DNA sequencing was performed.
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X1 X2 X3 X4 X5 X6 X7aX7b

Figure 10. The amplified products of the PCR were checked with gel
electrophoresis. The 100bp DNA Ladder Molecular Weight Marker has eleven
fragments that range in size from 100bp to 1000bp in 100bp increments with an
additional band at 1500bp (Promega).

Direct sequencing of the coding regions and the flanking introns of the CTSC
gene from Patient | and Patient Il revealed a nonsense mutation in the fifth exon
(c.748C/T, p.Arg250X). The patients carried the mutation in homozygous form
(Figure 11a), while the unrelated controls (n=100) carried the wild type sequence
(Figure 11b).

Ser Pro val STOP  Asn Gln Gly

A G T ¢ © T ¢ T T T G A A A C C A A G G T

J'c 743 C.’T p. ArgZSOSTOF‘
N

DNA sequence of the patlents

(b)

Ser Pro val Arg Asn

G T T [

A

Control DNA sequence

Figure 11. Mutation screening of the CTSC gene using direct sequencing revealed
a nonsense mutation (c.748C/T, p.Arg250STOP) in the fifth exon ().
Both patients were homozygous for this mutation (a), wherease all the unrelated
healthy controls (n=100) carried the wild-type sequence (b). (Suldk et al.,2016)
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3.1.2. Haplotype analysis of the patients diagnosed with PLS and HMS

The presence of the same homozygous nonsense mutation in both patients
raised the possibility of familial relationship between them. To address this, the
polymorphisms located in the 3' and 5' regions of the identified mutation were
genotyped and the haplotypes were determined. The patients were homozygous for
all the genotyped polymorphisms, and all genotypes were the same for both patients,
indicating they carried exactly the same haplotype (Table 2).

Since the patients presented different phenotypes (i.e., HMS and PLS), but
carried the same homozygous nonsense mutation, further screening was performed to
identify a putative second genetic modifier variant within the CTSC gene.
A comparison of all polymorphism and genotypes of the coding regions and flanking
introns of the CTSC gene did not reveal any genetic difference between the two
patients: they both carried exactly the same genotypes regarding all the investigated

polymorphisms (Table 2).



CTTT/CTIT  CITT/CTIT -/ CTTT/CIIT | | CTTT/CITE | |CTTT/CTET | \GTIT/CTIT | NCTTT/CITT | | CTTT/CTIT | \CTTT/CTTT || CLTT/CTTL | CITI/CITT

- A G AA AA GG GG GG GG AG GG GG AG AG AA

A 1 T T AL TA i Y T T TA T AL TA

Table 2. The results of the haplotype analysis. Patient | and Il exhibited the same haplotype. (Suldk et al., 2016)



3.2. Genetic investigation of the phosphatidylinositol 3-kinase catalytic alpha

(PIK3CA) gene

After optimizing the PCR conditions, the coding regions and the flanking

introns of the PIK3CA gene were amplified. Primers were designed on the UCSC

Genome Browser (www.genome.ucsc.edu) (Table 3).

Primer 5°-3’ sequence

PIK3CA-X2-Fw GCT TTG GGA CAACCATAC ATC
PIK3CA-X2-Rev ACG AAG GTATTG GTT TAG ACA GAA A
PIK3CA-X3-Fw AAT CTACAG AGT TCCCTG TTT GC
PIK3CA-X3-Rev TCA GTA TAA GCA GTC CCT GCC
PIK3CA-X4-Fw GCA GCC CGC TCAGAT ATAA
PIK3CA-X4-Rev CAG GAG AAT GGC ATG AACC
PIK3CA-X5-Fw TCT TGT GCT TCA ACG TAAATCC
PIK3CA-X5-Rev TTC GGA GAT TTG GAT GTT CTC
PIK3CA-X6-Fw GTG GAT GAA GGC AGC AACTA
PIK3CA-X6-Rev CTG GCC AGT GCC TAG CTAAT
PIK3CA-X7-Fw TGGTTGATCTTT GTCTTC GTG
PIK3CA-X7-Rev TTC AAT CAG CGG TAT AAT CAG G
PIK3CA-X8-Fw TCT CATGCTTGC TTT GGT TC
PIK3CA-X8-Rev AGA CCAATTGGCATGCTCTT
PIK3CA-X9-Fw TGG CAG TCAAACCTT CTC TCT

PIK3CA-X9-Rev

GCCTTT CCCAGTGCTTTACA

PIK3CA-X10-Fw

GTG AAT CCA GAG GGG AAA AAT

PIK3CA-X10-Rev

GCT GAG ATC AGC CAAATT CA

PIK3CA-X11-Fw

CCTTTTGTGTTCTTT GCC ATT

PIK3CA-X11-Rev

AGC CAT CTAAAACACTGCCTT AAC

PIK3CA-X12-Fw

GCAGTGTTTTAGATGGCTCATT

PIK3CA-X12-Rev

CAA ATC AGG GTCAGTTTC TGC

PIK3CA-X13-Fw

CAT GCA GAA ACT GAC CCT GAT

PIK3CA-X13-Rev

TCT TCC AGC CAAACATAAACAA

PIK3CA-X14-Fw

CTGAAACTCATGGTGGTTTIGT

PIK3CA-X14-Rev

CAC AAT GGC CTT ATG AAG CA

PIK3CA-X15-Fw

GGT ACACAGTGC TGC CAGTC

PIK3CA-X15-Rev

GAA ATT CTG GCC ATAGAAGGT T
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PIK3CA-X16-Fw GGATTC CTA AAT AAAAAT TGAGGT G
PIK3CA-X16-Rev GCA GGG AAC AGG AAA AAG AA
PIK3CA-X17-Fw CTG GGC AACTTAGCAAGACC
PIK3CA-X17-Rev CAC TCC AGA GGC AGT AGC AG
PIK3CA-X18-Fw TGG GGA AAG GCAGTA AAG G
PIK3CA-X18-Rev TCTCTG TTC TAA CTC AGA GGA ATA CAC
PIK3CA-X19-20-Fw ATG GAAACT TGCACCCTGTT
PIK3CA-X19-20-Rev GAG TTG GGATTA CAG GCATGA
PIK3CA-X21-Fw GAC ATT TGA GCA AAG ACC TGA AG
PIK3CA-X21-Rev ATGCTG TTC ATG GAT TGT GC

Table 3. The list of the PIK3CA primers used for the genetic investigations.

The results of the PCR were checked by agarose gel electrophoresis (Figure

12) and DNA sequencing was performed.

X2 X3 X4 X5 X6 X7 X8 X9 X10 X11X12 X13 X14 X15X16 X17 X18X19/20 X21

b »— by
M-d__.. - .—‘. [— — bt g -

Figure 12. The amplified products of the PCR were checked with gel
electrophoresis. The 100bp DNA Ladder Molecular Weight Marker has eleven
fragments that range in size from 100bp to 1000bp in 100bp increments with an
additional band at 1500bp (Promega).

Mutation analysis was performed from blood sample as well from the
affected tissue sample, but the presence of any germline or somatic PIK3CA
mutation was not detected by traditional Sanger sequencing.

Since traditional sequencing did not identify any putative causative variant of
the PIK3CA gene, mutational hotspots were screened using an in-house PCR-based
restriction fragment assay which has been previously described (Keppler-Noreuil et
al., 2014) (Cambridge, UK).

A somatic mosaic mutation at codon 542 (c.1624 G/A, p.Glu542Lys) was
identified in the affected tissue with 4% mutation burden (Figure 13a). This mutation

was not present in the genomic DNA sample isolated from the peripheral blood of
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the patient (Figure 13b). This genetic analysis confirmed that the development of
macrodactyly and syndactyly of the third and fourth fingers of the left hand are the

consequence of the mosaicism of the p.Glu542Lys mutation in the PIK3CA gene.

a b
Restriction fragment length (bp) Restriction fragment length (bp)

200 14y 160 180 €0 i 18 160 180

36000 26000

32000 32000
P Wild type =} Wild type
g 26000 180 bp S 26000 180 bp
= Peak area: = Peak area:
g S 218336 % S 231594
3 3
o @
8 20000 o 20000
s 2
é 16000 g 16000
- P.Glu542Lys § P.Glus42Lys
0 e 160 bp e 160 bp

Peak area: Peak area:
8000 8580 8000 0
N | | NL
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Figure 13. Genetic investigation of the Hungarian patient with macrodactyly and
syndactyly (a). DNA was extracted from the affected left hand and subjected to a
PCR restriction assay, which identified the PIK3CA p.Glu542Lys mutation at 4%
mutation burden (b). In DNA extracted from the peripheral blood, the peak
indicating the presence of the mutation was absent in the digested PCR product,
indicating the mosaicism of the mutation. (Tripolszki K, Knox R, Parker V, Semple R,
Farkas K, Sulak A et al., 2016)

3.3. Genetic investigation of the neurofibromin (NF1) gene

Direct sequencing of genomic DNA isolated from the peripheral blood of the
patient using primers for the coding regions and the flanking introns of the NF1 gene
revealed a novel frameshift mutation (c.5727insT, p.V1909fsX1912; Figure 14) in
exon 39. The patient carried the mutation in heterozygous form (Figure 14a), while
the unrelated controls (n=50) carried the wild type sequence (Figure 14b).
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c.5727insT
p-V1909fsX1912

sTOP Asn Phe Trp Lys Ser Val lle Ser

DNA sequence of the Patient

b Leu Glu Phe Leu Glu Glu Cys lle Ser

TTAGAA TTTTTGGAAGAGTGTATTTCT

f\ /\ﬂ/\
/ \

DNA sequence of the Controls

Figure 14. Direct sequencing of the NF1 gene revealed a novel single-nucleotide
insertion resulting in frameshift and the formation of premature termination codon
(c.5727insT, p.V1909fsX1912). The patient carried the mutation in heterozygous
form (a). Unrelated, healthy controls (n=50) carried only wild-type sequences (b).
(Tripolszki K, Farkas K, Suldk A et al., 2017)

To verify overgrowth syndrome, the coding regions and flanking introns of
the PIK3CA gene were also amplified and sequenced from the peripheral blood and
from the tissue sample of the left leg of the patient. Direct sequencing of the PIK3CA
gene resulted in wild type sequence.

As traditional sequencing did not identify any putative causative variant of
the PIK3CA gene, mutational hotspots were screened using an in-house PCR-based
restriction fragment assay. Since these also did not identify any overgrowth-causing
mutation, next-generation sequencing of approximately 2800 mutations from 50
oncogenes and tumor suppressor genes recorded in the Catalogue of Somatic
Mutations in Cancer (COSMIC) was performed (lon AmpliSeq™" Cancer Hotspot
Panel v2, Thermo Fisher Scientific) (Table 4), but also did not identify any putative
causative variant that could be responsible for the overgrowth of the left leg.
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ABL1 EGFR GNAS KRAS PTPN11
AKT1 ERBB2 GNAQ MET RB1

ALK ERBB4 HNF1A MLH1 RET

APC EZH2 HRAS MPL SMADA4
ATM FBXW7 IDH1 NOTCH1 SMARCB1
BRAF FGFR1 IDH2 NPM1 SMO
CDH1 FGFR2 JAK2 NRAS SRC
CDKN2A FGFR3 JAK3 PDGFRA STK11
CSFI1R FLT3 KDR PIK3CA TPS53
CTNNB1 GNA11 KIT PTEN VHL

Table 4. The lon AmpliSeq Cancer Hotspot Panel v2 targets
(Thermo Fisher Scientific)

these 50 genes
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4. DISCUSSION

4.1. A single nonsense mutation of the CTSC gene causes two clinically distinct

phenotypes

| investigated two Hungarian patients affected by different phenotypic
variants, one with PLS and one with HMS, who nonetheless carry the same
homozygous nonsense mutation (c.748C/T; p.Arg250X) of the CTSC gene.
Polymorphisms surrounding the mutation were investigated to determine whether
these patients are relatives and to possibly identify a genetic modifier factor within
the CTSC gene, which could be responsible for the development of the different
phenotypes.

Currently, 79 different mutations have been reported worldwide for the CTSC
gene (Kobayashi et al., 2013; Li et al., 2014; Nagy et al., 2014; Tekin et al., 2016).
Nonsense mutations, accounting for 23% (n=18) of pathogenic CTSC mutations,
occur in all coding regions of the gene; however the majority is located in exons 5-7,
which encodes the heavy chain region of the cathepsin C protein (Kobayashi et al.,
2013; Nagy et al., 2014; Hart et al., 2000a). This protein is a lysosomal cysteine
protease, and the heavy chain region is important for enzyme activity (Hart et al.,
2000a; Korkmaz et al., 2010).

Exon7

5'UTR Exon 3 Exon 5 ¢.890G>T ¢.1040A>G
c.-55C>A ¢.315dupT c.704G>A ¢.898G>A c.1047delA
€.322A>T €.706G>T ¢.899G>A ¢.1056delT
¢.380A>C c.711del14 ¢.901G>A c.1131T>G
Exon 1 .386T>A ¢.739A>C €.901G>T c.1141delC
c.21delG c.415G>A c.745G>T ¢.902G>T c.1156G>C
c.72C>A ¢.436delT c.748C>T c.910T>A c.1213C>A
c.90C>A c.444- C.755A>T c.912C>A c.1214A>G
c.96T>G 445insATGT ¢.756_757ins130 €.923G>A ¢.1213-1215delCAT
¢.103-105delCTG | ¢.458C>T ¢.935A>G c.1235A>G
¢.113delCCTG c.947T>G ¢.1268G>C
c.1166>C Intron 3 C.956A>G C.1269G>A
Gt7GeT IVS3-1G>A ¢.984delTTCTCCA. 1286G>A
cA445C>T ¢.1015C>T ¢.1287G>C
/ / c.1019A>G c.1340A>G
. X i . ’ ¢.1028-1029delCT ¢.1357A>G
L] \ ’ =
1 | I . . )
ATG hG
Exon 2 Exon 4 Exon 6
€.199-222del ¢.555G>A ¢.778T>C
€.203T>G €.566-572deICATACAT ¢.815G>C
€.205C>T ¢.587T>C ¢.815G>A
€.267-268delGG ¢.622-623insC ¢.824C>T
¢.628C>T c.851G>A
o €.629-630 delGA ¢.854 C>T
[ Translated exonic region ¢.681deICATACAT ¢.856C>T
[[] Untranslated exonic region c.857A>G
Detected in PLS and HMS gy
Detected in PLS and AP1 ¢

Detected in HMS

Detected in PLS
Polymorphism described as a causative variantin PLS

Figure 15. CTSC gene mutations so far detected in PLS, HMS and AP1.
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The p.Arg250X homozygous nonsense mutation detected in the investigated
patients is also located in this region. The p.Arg250X mutation leads to the formation
of a truncated protein and may significantly impair enzyme activity. This hypothesis
correlates well with previous studies demonstrating that pathological changes in the
CTSC gene are loss-of-function mutations resulting in the inactivation of enzymatic
activity and altered regulation of the immune response, which increase the
susceptibility to periodontal inflammation and skin infections (Hart et al., 2000b; Rai
etal., 2010).

The p.Arg250X nonsense mutation has already been previously reported in
patients with PLS (Cury et al., 2005; Pham et al., 2004); however, this is the first
report of its association with HMS. The mutation has been previously detected in
homozygous (Cury et al., 2005) and in compound heterozygous forms (Pham et al.,
2004). The latter mutation was suggested to be associated with an unidentified
heterozygous mutation of the CTSC gene (Pham et al., 2004). A previous
investigation detected this mutation in homozygous form in Turkish patients (Cury et
al., 2005). Based on the common history of the two ethnic groups, we can not
exclude that the identified mutation is the consequence of a single founder effect.

The two investigated Hungarian patients were affected by different variants
(PLS and HMS) of the phenotypic spectrum caused by CTSC mutations. Clinical
differences between the PLS and HMS symptoms of the patients were striking,
although, surprisingly, genetic screening identified the presence of the same
nonsense mutation (p.Arg250X) in homozygous form in both patients. Haplotype
analysis revealed that the two patients exhibit the same haplotype (Table 2),
indicating a strong likelihood of relatedness. The patients were not aware of any such
relationship. Patient |1 was brought up in state care and did not know any of her
relatives. Patient Il was not aware of consanguinity within his family. However, our
results and the fact that they share a common family name strongly suggest familial
relationship between the two investigated patients.

As the patients had the same homozygous disease-causing mutation as well as
the same haplotype, it was possible to examine genetic variations in the CTSC gene
to identify any differences that could account for the development of the phenotypic
differences. Our investigation could not identify any such genetic variant with the
CTSC gene and flanking regions. Therefore, we hypothesize that the putative
modifier factor, which results in the development of different phenotypic variants for
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this CTSC mutation, is not located in the region of CTSC, but in another region.
Moreover, we cannot exclude the possibility that the reason for the phenotypic
variation is a non-genetic influence, such as environmental or life style factors.

Our results further support the accepted viewpoint that PLS and HMS are not
different disease entities (Table 5), but that they are phenotypic variants of the same
disease and their development is influenced by other factors. This phenomenon has
also been observed in another group of rare monogenic diseases caused by mutations
in the CYLD gene. Initially, Brooke-Spiegler syndrome (BSS; OMIM 605041),
multiple familial trichoepithelioma type 1 (MFT1; OMIM 601606) and familial
cylindromatosis (FC; OMIM 132700) were considered different entities, until genetic
investigation revealed that they were allelic variants of the same disease (Nagy et al.,
2013; Rajan et al., 2011). These observations highlight the importance of genetic
investigation and the establishment of genotype—phenotype associations.

] ) Aggressive
Papillon-Lefévre Haim-Munk

periodontitis
syndrome (PLYS) syndrome (HMS)

type 1 (AP1)

OMIM ID 245000 245010 170650
Clinical Symmetrical
symptoms palmoplantar
Symmetrical hyperkeratosis,
) o Severe
palmoplantar periodontitis, _ o
) periodontitis,
hyperkeratosis, arachnodactyly,
) . ) tooth loss
periodontitis acroosteolysis,
onychogryphosis,
pes planus
CTSC All type of All type of
) yp. All type of mutation yp.
mutations mutation mutation

Table 5. PLS, HMS and AP1 are phenotypic variants of the same rare disease.
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4.2. The somatic p.Glu542Lys PIK3CA mutation causes high phenotypic

diversity in patients suffering from segmental overgrowth syndromes

Here we investigated a 4-year-old Hungarian patient with isolated
macrodactyly and syndactyly of the third and fourth fingers of the left hand. Genetic
investigation identified a somatic missense mutation (p.Glu542Lys) of the PIK3CA
gene. This mutation affects the helical domain of the p110a catalytic subunit of the
PI3K protein (Samuels et al., 2004). Functional studies have previously shown that
this p.Glu542Lys variant caused hyperactivation of AKT, a down-stream target of
PI3K in the nerve cells of a patient with macrodactyly (Rios et al., 2013).
This particular mutation has been reported in eight patients with different forms of
segmental overgrowth (Table 6) (Kurek et al., 2012; Rios et al., 2013; Maclellan et
al., 2013; Emrick et al., 2014).



“ Index Pati mm Patient 4 Patient 5 Patient 6 Patient 7 Patient 8 Patient 9

Clinical diagnosis

Publication

Percentage (%) of
somatic mosaicism

Lipomatous overgrowth
Face

Trunk

Limb(s)

Vascular anomalies

Lymphatic malformation

Capillary malformation
Venous malformation

Musculoskeletal

Macrodactyly
Limb asymmetry

Scoliosis

True muscular
hemihypertrophy

Other findings

Macrodactyly,
syndactyly

This study

4

NR

NR

NR

NR

NR

NR

NR

NR

NR

Macrodactyly

Rios et al.,,
2013

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

Macrodactyly,
Muscular
hemihypertrophy

Rios et al., 2013

NR

NR

NR

NR

NR

NR

NR

NR

NR

Facial
infiltrating
lipomatosis

Maciellan et

al., 2014
23

NR

NR

NR

NR

NR

NR
NR

NR

NR

NR

Facial
infiltrating
lipomatosis

Maclellan et

al., 2014
30

NR

NR

NR

NR

NR

NR
NR

NR

NR

NR

Facial
infiltrating
lipomatosis

Maclellan et

al., 2014
16-18

NR

NR

NR

NR

NR

NR
NR

NR

NR

NR

CLOVES CLOVES
syndrome syndrome
Kurek et al., Kurek et
2012 al., 2012
8 6-13

NR NR

+ +

+ +

+ +

+ +

+ +

+ +

+ +

+

NR NR

Hypoplastic NR
right kidney

CLOVES
syndrome

Emrick et
al., 2014

38

NR

NR

Epidermal
nevi

Table 6. Summary of the phenotypic diversity of the patients with somatic p.Glu542Lys PIK3CA mutation.(NR=not reported)
(Tripolszki et al., 2016)



Patients with somatic p.Glu542Lys mutation of the PIK3CA gene show high
phenotypic diversity, Kurek et al. (2012) for example, described a female and a male
patient affected by CLOVES syndrome. In addition to macrodactyly, both patients
developed lipomatous overgrowth of the trunk and the limbs and vascular anomalies
including lymphatic, capillary and venous malformations (Kurek et al., 2012).
The affected female patient also had a hypoplastic right kidney (Kurek et al., 2012).
A subsequent study reported the prenatal diagnosis of CLOVES syndrome in a 27-
week-old fetus carrying the same somatic mutation of the PIK3CA gene (Emrick et
al., 2014). The observed clinical symptoms at birth were asymmetric chest and
abdomen, bilateral multicystic malformations and asymmetric growth of the left leg
with macrodactyly of the left foot and a sandal gap between the first and second toes
(Emrick et al., 2014). Rios et al. (2013) reported two patients with the same somatic
mutation; both were affected by macrodactyly. However, one of the patients was also
affected by true muscular hemihypertrophy, which was also attributed to the
presence of the somatic p.Glu542Lys PIK3CA mutation. A subsequent study has also
reported three further patients with facial infiltrating lipomatosis, which was
attributed to the presence of the somatic p.Glu542Lys mutation (Maclellan et al.,
2013). These patients did not exhibit macrodactyly.

The high phenotypic diversity associated with the somatic p.Glu542Lys
mutation might be explained by the different time points during embryogenesis of
the mutational events. Patients with CLOVES syndrome might have developed the
same somatic p.Glu542Lys mutation earlier during the embryogenesis than the ones
with regional overgrowth (macrodactyly or facial infiltrating lipomatosis).

Genetic analysis has a huge significance for these patients, as once the genetic
cause is determined, pharmacological intervention could be considered as a
therapeutic option. In the interim, there are no clinically approved therapies for this
condition; however there is a theoretical possibility that small molecule inhibitors of
the PIBK-AKT-mTOR signaling pathway could be effective therapies for these
patients (Segerstrom et al., 2011; lacobas et al., 2011). Rapamycin (sirolimus)
indirectly targets PI3K and may also be useful in treating macrodactyly (Segerstrom
et al., 2011; lacobas et al., 2011). In addition, rapamycin has been reported to be
effective in isolated cases of allied conditions and may promote a breakthrough in the
treatment of macrodactyly and overgrowth syndromes. However, long-term safety

data of this treatment in PIK3CA-related overgrowth is currently lacking and, thus,
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indicates the need for formal clinical trials to evaluate safety and efficacy. In light of
the current situation, detailed genetic investigation and publication of these isolated

cases is essential.

4.3. A novel mutation of the NF1 gene affects an atypical manifestation in

neurofibromatosis type 1

Recently we investigated a Hungarian woman presenting with the clinical
features of both NF1 and left leg overgrowth. Such an atypical clinical form of NF1
has not been reported previously. However, the phenomenon of ‘vascular
neurofibromatosis phenotype’ and the relatively frequent association of NF1 with
vascular dysplasia have been frequently reported in the literature (Reubi, 1945).
NF1 can also be accompanied by skeletal abnormalities, such as sphenoid wing
dysplasia, macrocephaly, scoliosis, vertebral disc dysplasia, pseudoarthrosis of tibia
and short stature (Ferner et al., 2007; Williams et al., 2009). Therefore, it was
important to distinguish whether the patient was affected by two independent rare
diseases or whether the symptoms of the left leg were the results of the atypical
vascular and skeletal manifestations of NF1.

Our results demonstrated a novel heterozygous single-nucleotide insertion in
the NF1 gene, leading to frameshift and the formation of a premature termination
codon (c.5727insT, p.V1909fsX1912). Because this mutation was present in the
genomic DNA isolated from the peripheral blood of the patient, we suggest that this
sequence change is a germline mutation. Considering that there is no other clinically
affected member in the patient’s family and that NF1exhibits autosomal dominant
inheritance, we hypothesize that this is a de novo mutation of the NF1 gene.
The genotype—phenotype correlation is generally poor in NF1, with the exception
that patients with large deletions in the NF1 gene tend to have severe phenotypes
(Heim et al., 1994). NF1 mutations usually result in loss of tumor suppressor
function by disrupting the neurofibromin protein’s ability to maintain the proto-
oncogene RAS in an inactive form (Yohay, 2006). We suggest that this novel NF1
mutation is the causative mutation for the development of NF1, and the presence of
the unilateral limb hypertrophy is highly possible also the consequence of this

mutation.
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In conclusion, we investigated a patient affected with both the clinical
features of NF1 and overgrowth of the left leg. Our results demonstrate that the
patient is not suffering from two independent rare diseases, but the unusual clinical
phenotype of NF1. To our knowledge, our study is the first to clearly elucidate the
genetic background of such a complex case, and further confirms the causative role

of the somatic mutations of the NF1 gene in the development of overgrowth.
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5. SUMMARY

In my PhD dissertation, my aim was to summarize the genetic and haplotype
investigations in Hungarian patients affected by different rare diseases,
such as Papillon-Lefévre and Haim-Munk syndromes, unilateral macrodactyly and
atypical neurofibromatosis type 1.

Mutation screening of the CTSC gene from two Hungarian patients revealed
the presence of the same homozygous nonsense mutation (c.748C/T; p.Arg250X).
However, one patient exhibited the PLS phenotype and the other the HMS
phenotype. Although these patients were not aware that they were related, haplotype
analysis revealed that they carry the same haplotype, and the possibility that they are
related cannot be excluded.

Our results support the hypothesis that PLS and HMS are the phenotypic variants of
the same disease and, additionally, exclude the presence of a putative genetic
modifier factor within the CTSC gene that is responsible for the development of the
two phenotypes. We hypothesize that this putative genetic modifier factor is located
outside the CTSC gene or, alternatively, that the development of the different

phenotypes is the consequence of different environmental or life style factors.

Isolated macrodactyly belongs to a heterogeneous group of overgrowth
syndromes. It is a congenital anomaly resulting in enlargement of all tissues localized
to the terminal portions of a limb and caused by somatic mutations in the PIK3CA
gene. Here we investigated a Hungarian girl with macrodactyly and syndactyly.
Genetic screening at hotspots in the PIK3CA gene identified a mosaic mutation
(c.1624 G/A, p.Glu542Lys) in the affected tissue, but not in the peripheral blood.
To date, this somatic mutation has been reported in eight patients affected by
different forms of segmental overgrowth syndromes. Detailed analysis of the
Hungarian child and previously reported cases suggests high phenotypic diversity
associated with the p.Glub542Lys somatic mutation. The identification of the
mutation provides a novel therapeutic modality for the affected patients: those who
carry somatic mutations in the PIK3CA gene are potential recipients of a novel

“repurposing” approach of rapamycin treatment.
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Neurofibromatosis type 1, a dominantly inherited multitumor syndrome,
results from mutations in the NF1 gene. Recently we investigated a Hungarian
woman with the clinical phenotype of NF1 over her whole body and the clinical
features of unilateral overgrowth involving her entire left leg. This unusual
phenotype suggested either the atypical form of NF1 or the coexistence of NF1 and
overgrowth syndrome. Direct sequencing of the genomic DNA isolated from
peripheral blood revealed a novel frameshift mutation (c.5727insT,
p.VV1909fsX1912) in the NF1 gene. Next-generation sequencing of 50 oncogenes and
tumor suppressor genes, performed on the genomic DNAs isolated from tissue
samples and peripheral blood, detected only wild-type sequences. Based on these
results, we concluded that the patient is affected by an unusual phenotype of NF1,
and the observed unilateral overgrowth of the left leg might be a rare consequence of
the identified ¢.5727insT mutation.
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9. APPENDIX

Abbreviations of the investigated 50 oncogenes and tumor suppressor genes

ABL1: ABL proto-oncogene 1, non-receptor tyrosine kinase
AKT1: AKT serine/threonine kinase 1

ALK: ALK receptor tyrosine kinase

APC: APC, WNT signaling pathway regulator

ATM: ATM serine/threonine kinase

BRAF: B-Raf proto-oncogene, serine/threonine kinase
CDHZ1: Cadherin 1

CDKN2A: Cyclin dependent kinase inhibitor 2A

CSF1R: Colony stimulating factor 1 receptor

CTNNBL1: Catenin beta 1

EGFR: Epidermal growth factor receptor

ERBB2: Erb-b2 receptor tyrosine kinase 2

ERBB4: Erb-b2 receptor tyrosine kinase 4

EZH2: Enhancer of zeste 2 polycomb repressive complex 2 subunit
FBXWT7: F-box and WD repeat domain containing 7
FGFRL1: Fibroblast growth factor receptor 1

FGFR2: Fibroblast growth factor receptor 2

FGFR3: Fibroblast growth factor receptor 3

FLT3: Fms related tyrosine kinase 3

GNA11: G protein subunit alpha 11

GNAS: GNAS complex locus

GNAQ: G protein subunit alpha q

HNF1A: HNF1 homeobox A

HRAS: HRas proto-oncogene, GTPase

IDHL1: Isocitrate dehydrogenase (NADP(+)) 1, cytosolic
IDH2: Isocitrate dehydrogenase (NADP(+)) 2, mitochondrial
JAK2: Janus kinase 2

JAK3: Janus kinase 3

KDR: Kinase insert domain receptor

KIT: KIT proto-oncogene receptor tyrosine kinase
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KRAS: KRAS proto-oncogene, GTPase

MET: MET proto-oncogene, receptor tyrosine kinase
MLH1: MutL homolog 1

MPL: MPL proto-oncogene, thrombopoietin receptor
NOTCH1: Notch 1

NPM1: Nucleophosmin

NRAS: NRAS proto-oncogene, GTPase

PDGFRA: Platelet derived growth factor receptor alpha
PIK3CA: Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
PTEN: Phosphatase and tensin homolog

PTPN11: Protein tyrosine phosphatase, non-receptor type 11
RB1: RB transcriptional corepressor 1

RET: Ret proto-oncogene

SMAD4: SMAD family member 4

SMARCB1: SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily b, member 1

SMO: Smoothened, frizzled class receptor

SRC: SRC proto-oncogene, non-receptor tyrosine kinase
STKZ11: Serine/threonine kinase 11

TP53: Tumor protein p53

VHL: Von Hippel-Lindau tumor suppressor
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Summary

Background. Papillon-Lefévre syndrome (PLS; OMIM 245000) and Haim—-Munk
syndromes (HMS; OMIM 245010) are phenotypic variants of the same rare disease
caused by mutations of the cathepsin C (CTSC) gene, and they exhibit autosomal
recessive inheritance.

Aims. To identify diseases caused by mutations of the CTSC gene in two Hungarian
patients and to perform haplotype analysis to elucidate any familial relationship
between them.

Methods. Mutation screening and polymorphism analysis were performed by direct
sequencing of the CTSC gene.

Results. Mutation screening of the CTSC gene from the two patients revealed the
presence of the same homozygous nonsense mutation (c.748C/T; p.Arg250X). How-
ever, one patient exhibited the PLS phenotype and the other the HMS phenotype.
Although these patients were not aware that they were related, haplotype analysis,
especially the genotypes of the rs217116 and the rs217115 polymorphisms, clearly
indicated that the patients carry the same haplotype, whereas the unrelated healthy
controls carried several different haplotypes.

Conclusions. Our results demonstrate that PLS and HMS are phenotypic variants
of the same disease and, additionally, exclude the presence of a putative genetic
modifier factor within the CTSC gene that is responsible for the development of the
two phenotypes. We suggest that this putative genetic modifier factor is located out-
side the CTSC gene, or alternatively, that the development of the different pheno-
types is the consequence of different environmental or lifestyle factors.

Introduction

Papillon-Lefévre syndrome (PLS; OMIM 245000) and
Haim—Munk syndromes (HMS; OMIM 245010) are
characterized by overlapping dermatological and dental
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symptoms such as hyperkeratosis of the palms and soles
and severe periodontitis.'* Patients with PLS can also
develop mild mental retardation, calcification of the
dura mater, hyperhidrosis and increased susceptibility
to infections,®>> while the specific features of HMS
include pes planus, arachnodactyly, acroosteolysis and
onychogryphosis.® ® The prevalence of PLS is approxi-
mately four cases per million, and to date, approxi-
mately 300 cases have been reported worldwide.
Parental consanguinity has been noted in more than
50% of these cases.™” The prevalence of HMS is approx-
imately one case per million, and the majority of
reported cases are descendants of a few consanguineous

© 2015 British Association of Dermatologists
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families from a religious isolate in Cochin, India. One
unrelated Brazilian patient has also been reported.
There have been >100 cases of HMS reported in the lit-
erature to date.® There is an equal sex ratio in both
phenotypic variants. PLS and HMS are both inherited in
an autosomal recessive manner and develop as a conse-
quence of mutations of the cathepsin C (CTSC) gene. 11
Currently, 75 CTSC gene mutations have been identi-
fied." The majority of these mutations (74 of 75; 99%),
have been detected in patients with PLS, whereas only
4% (3 of 75), have been associated with HMS.'>7®
Three mutations (c.145C/T, p.GIn49X, c.857A/G
p.GIn286Arg and c.1357A/G p.Jle453Val) have been
found in patients exhibiting both the PLS and the HMS
phenotypes.'"!? However one of these, the p.Ile453Val
(rs3888798) missense variant, is considered a polymor-
phism, and its eventual pathogenic role needs to be con-
firmed or excluded by further studies.'> Only one
mutation (c.587T/C p.Leul96Pro) has been associated
exclusively with HMS. 281415

We report two Hungarian patients, one with PLS and
one with HMS, who nonetheless carry the same homo-
zygous nonsense mutation (c.748C/T; p.Arg250X) in
the CTSC gene. In this study, we aimed to investigate
the underlying mechanism by which these two patients
with the same homozygous nonsense mutation have
developed two different phenotypes. Therefore, polymor-
phism analysis was carried out in order to identify any
genetic modifier factor within the CTSC gene that could
be responsible for the development of the different phe-
notypes.

Methods

The Internal Review Board of the University of Szeged
gave ethics approval for the study, which was con-
ducted according to the Principles of the Declaration
of Helsinki. Written informed consent was obtained
from all investigated individuals.

Patients

Both patients were referred to the outpatient clinic of
the Mor Kaposi Teaching Hospital (Kaposvar; Hun-
gary).

Patient 1 was a 39-year-old Hungarian woman, who
presented with a typical HMS phenotype. Mild hyperker-
atotic plaques were present symmetrically on her palms
(Fig. 1a) and soles (Fig. 1c). Onychogryphosis and
arachnodactyly were noted on her fingers (Fig. 1b), and
pes planus on her soles (Fig. 1b). The patient had lost
all permanent teeth and uses a permanent dental

© 2015 British Association of Dermatologists

prosthesis. She was brought up in state care without
knowing her parents, and has no husband or child. She
was not aware of any known relatives.

Patient 2 was a 25-year-old Hungarian man, who
presented with the classic PLS phenotype. The hyper-
keratosis on his palms (Fig. 1d) and soles (Fig. 1e) was
more severe than those of Patient 1. Onychogryphosis,
arachnodactyly and pes planus were not present. He
was also missing all permanent teeth and using a per-
manent dental prosthesis. His parents and his wife
were clinically unaffected. He had no siblings or chil-
dren. He was not aware of any family members who
are clinically affected (Fig. 1f).

Genetic investigations

Blood samples were taken from the two investigated
patients and from unrelated healthy controls (HCs) for
genetic investigation. Genomic DNA was isolated (Bio-
Robot EZ1 DSP Workstation; Qiagen, Godollo, Hun-
gary). After the coding regions and the introns of the
CTSC gene were amplifeied (using primer sequences dis-
played on the UCSC Genome Browser, http://www.
genome.ucsc.edu), DNA sequencing was performed on
the amplification products. Sequencing data was analy-
sed to screen for any additional mutations and to geno-
type all the common polymorphisms of the CTSC gene.
The polymorphism data of the patients were compared
with each other in an attempt to identify a putative
genetic modifier variant within the CTSC gene that
could be responsible for the observed differences in the
phenotypes of the patients.

Results

Direct sequencing of the regions of the CTSC gene
revealed a nonsense mutation in the fifth exon
(c.748C/T, p.Arg250X) in both patients. The patients
were both homozygous for the mutation (Fig. 2a),
whereas the unrelated Hungarian HCs (n = 100) car-
ried the wild-type sequence (Fig. 2b).

To investigate the underlying mechanism by which
these two patients carrying the same mutation devel-
oped different phenotypes, haplotype analysis was car-
ried out. In total, 24 polymorphisms were genotyped on
the CTSC gene, both upstream and downstream of the
identified mutation, in the patients and in the unrelated
Hungarian HCs (n = 10). The patients were found to be
homozygous for all the genotyped polymorphisms, and
all genotypes were the same for both patients, indicating
that they carried exactly the same haplotype. The
haplotype of the patients was compared with those

Clinical and Experimental Dermatology (2016) 41, pp190-195 191
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STOP Asn

Ser Pro Val

O
8 Unaffected family

GIn

Figure 1 (a—c) Patient 1, presenting with
Haim—Munk syndrome (HMS), exhibited
(a) mild hyperkeratosis on her palms, (b)
onychogryphosis and arachnodactly of
her fingers and mild hyperkeratosis and
(c) pes planus on her soles (d—f) Patient
2, presenting with Papillon—Lefévre syn-
drome, was affected by moderate hyper-
keratosis of his (d) palms and (f) soles,
and exhibited no specific symptoms of
HMS. (e) No other affected individuals
are known in the family of Patient 2,
and Patient 1 was brought up in state
care without knowing her relatives.

Patient Il.

members

Gly

T TTG & AACTC AAGG T
l c.748C/T p.Arg250X

Patient | and Patient Il carry a homozygous CTSC nonsense mutation.

b
®) Ser Pro Val Arg Asn

Gin Gly

A GT c c

T 6T T C G A A A C CA

Figure 2 (a,b) Mutation screening of the
CTSC gene using direct sequencing
revealed a nonsense mutation (c.748C/T,
p.Arg250STOP) in the fifth exon. (a)
Both patients were homozygous for this
mutation, wherease (b) all the unrelated

healthy controls carried the wild-type

Unrelated, healthy controls carry the wild type CTSC sequence.

detected in the unrelated Hungarian HCs. For 20 of the
24 polymorphisms, the same genotype was present in
all investigated individuals (patients and HCs), but for
the other 4 polymorphisms, there were differences
among the study subjects. In Table 1, we report the
genotypes of those four polymorphisms (rs370927192,
rs217116, rs217115 and rs74325198). The results,
especially for rs217116 and rs217115, clearly indicate
that the two independent patients, one with HMS and
one with PLS, carry the same haplotype, whereas the
unrelated HCs carry several different haplotypes.

Our results could not identify any genetic modifier
factor within the CTSC gene that could explain the
phenotypic differences between the patients. Moreover,
our results demonstrated a familial relationship
between the two investigated patients.

192 Clinical and Experimental Dermatology (2016) 41, pp190-195

sequence (b).

Discussion

Currently, 75 different mutations in the CTSC gene have
been reported worldwide.! Nonsense mutations,
accounting for 23% (n = 17) of pathogenic CTSC muta-
tions, occur in all coding regions of the gene; however,
most are located in exons 5-7, which encode the heavy
chain region of the cathepsin C protein.'''® This protein
is a lysosomal cysteine protease, and the heavy chain
region is important for enzyme activity.'®!” The
p.Arg250X homozygous nonsense mutation detected in
the investigated patients is also located in this region.
This mutation leads to the formation of a truncated
protein, and may impair enzyme activity significantly.
This hypothesis correlates well with previous studies
demonstrating that pathological changes in the CTSC

© 2015 British Association of Dermatologists
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The identified homozygous nonsense mutation (c.748C/T p.Arg250X).
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gene are loss-of-function mutations, resulting in the
inactivation of enzymatic ac‘[ivity.lg‘19 These mutations
also promote protease degradation in mature haemato-
poietic subsets, but do not affect protease production in
progenitor cells.?’ Biochemical analysis has demon-
strated low levels of antioxidant markers and anti-
inflammatory fatty acids and high levels of oxidative
markers in patients with PLS.>" The altered regulation
of the immune response increases susceptibility to peri-
odontal inflammation and skin infections.®**

The p.Arg250X nonsense mutation has already been
reported previously in patients with PLS,?**? but this is
the first report of its association with HMS. The muta-
tion has been previously detected in both homozygous®*
and compound heterozygous?? forms. The latter muta-
tion was suggested to be associated with an unidentified
heterozygous mutation of the CTSC gene.22 A previous
investigation detected this mutation in the homozygous
form in Turkish patients.>* It is likely that these Turkish
and Hungarian patients with PLS have a common hap-
lotype (Table 1) and that the identified mutation is the
consequence of a single founder effect.

The two investigated Hungarian patients were
affected by different variants (PLS and HMS) of the
phenotypic spectrum caused by CTSC mutations. Clini-
cal differences between the PLS and HMS symptoms of
the patients were striking, although unexpectedly,
genetic screening identified the presence of the same
nonsense mutation (p.Arg250X) in the homozygous
form in both patients. Haplotype analysis revealed that
the two patients exhibited the same haplotype (Table 1),
indicating a strong likelihood of relatedness. The
patients were not aware of any such relationship.
Patient 1 was brought up in state care and did not
know any of her relatives, while Patient 2 was not
aware of consanguinity within his family. However, our
results and the fact that they share a common family
name and also a common haplotype strongly suggest a
familial relationship between the two investigated
patients.

As the patients had the same homozygous disease-
causing mutation as well as the same haplotype, it was
possible to examine genetic variations in the CTSC gene
to identify any differences that could account for the
development of the phenotypic differences. Our investi-
gation could not identify any such genetic variant with
the CTSC gene and flanking regions. Therefore, we sug-
gest that the putative modifier factor, which would
result in the development of different phenotypic vari-
ants for this CTSC mutation, is not located in the region
of CTSC, but in another region. Moreover, we cannot
exclude the possibility that the reason for the pheno-
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typic variation is a nongenetic influence, such as envi-
ronmental or lifestyle factors.

Our results further support the accepted viewpoint
that PLS and HMS are not different disease entities,
but rather phenotypic variants of the same disease,
and that their development is influenced by other fac-
tors. This phenomenon has also been observed in
another group of rare monogenic diseases caused by
mutations in the CYLD gene. Initially, Brooke—Spiegler
syndrome (BSS; OMIM 605041), multiple familial
trichoepithelioma type 1 (MFT1; OMIM 601606) and
familial cylindromatosis (FC; OMIM 132700) were
considered different entities, until genetic investigation
revealed that they were all allelic variants of the same
disease.?>%°

These observations highlight the importance of
genetic investigation and the establishment of geno-
type—phenotype associations.
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What's already known about this topic?

e Currently, 75 different mutations have been
reported worldwide for the CTSC gene.

e The p.Arg250X nonsense mutation has already
been previously reported in patients with PLS.

What does this study add?

e This is the first report on the association of the
p.Arg250X nonsense mutation with HMS.

e The two investigated Hungarian patients were
affected by different variants (PLS and HMS) of
the phenotypic spectrum caused by the same
CTSC mutation.
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Somatic mutation

Isolated macrodactyly (OMIM 155500) belongs to a heterogeneous group of overgrowth syndromes. It is
a congenital anomaly resulting in enlargement of all tissues localized to the terminal portions of a limb
and caused by somatic mutations in the phosphatidylinositol 3-kinase catalytic alpha (PIK3CA, OMIM
171834) gene. Here we report a Hungarian girl with macrodactyly and syndactyly. Genetic screening at
hotspots in the PIK3CA gene identified a mosaic mutation (¢.1624G > A, p.Glu542Lys) in the affected
tissue, but not in the peripheral blood. To date, this somatic mutation has been reported in eight patients
affected by different forms of segmental overgrowth syndromes. Detailed analysis of the Hungarian child
and previously reported cases suggests high phenotypic diversity associated with the p.Glu542Lys so-
matic mutation. The identification of the mutation provides a novel therapeutic modality for the affected
patients: those who carry somatic mutations in the PIK3CA gene are potential recipients of a novel
“repurposing” approach of rapamycin treatment.

Phenotypic diversity

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

Macrodactyly (OMIM 155500) refers to a rare congenital mal-
formation occurring in approximately 1 in 100,000 live births and is
characterized by an increase in the size of all the structures of
the limbs, including soft tissues, bones, vessels, nerves and skin
(Rios et al., 2013). It typically affects the terminal portions of the
limb within a “nerve territory” and the individual peripheral nerve
is both enlarged and elongated (Rios et al., 2013). Recently mac-
rodactyly has been added to the growing list of overgrowth
syndromes caused by somatic mutations of the phosphatidylinositol
3-kinase catalytic alpha (PIK3CA, OMIM 171834) gene (Rios et al.,
2013; Kurek et al., 2012; Emrick et al., 2014).

Further somatic overgrowth diseases associated with mosaic
PIK3CA mutations include fibroadipose hyperplasia and non-
classifiable conditions characterized by muscular, boney and fatty
tissue overgrowth, congenital lipomatous overgrowth, vascular
malformations, epidermal nevi and skeletal abnormalities

* Corresponding author. Department of Medical Genetics, University of Szeged, 4
Somogyi utca, H-6720, Szeged, Hungary.
E-mail address: nikoletta.nagy@gmail.com (N. Nagy).
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(CLOVES) syndrome, hemihyperplasia multiple lipomatosis, and
the brain overgrowth conditions megalencephaly capillary mal-
formation and megalencephaly-polymicrogyria-hydrocephalus
syndrome (MPPH) (Kurek et al., 2012; Lee et al., 2012; Lindhurst
et al, 2012; Riviere et al., 2012; Mirzaa et al., 1993-2011;
Rasmussen et al., 2014). The phenotypic heterogeneity in these
syndromes is attributed to the location of the cells bearing the
mutation and to the proportion of the affected cells in the patient's
tissues (Cohen et al., 2014).

Here we describe a 4-year-old Hungarian patient with isolated
macrodactyly and syndactyly caused by the c1624G > A,
p.Glu542Lys somatic mutation of the PIK3CA gene. We also provide
detailed comparison of the clinical symptoms of the Hungarian
patient with previously reported cases having the same p.Glu542-
Lys somatic PIK3CA mutation.

2. Clinical report

A 4-year-old Hungarian girl was referred to the Department of
Medical Genetics (University of Szeged, Szeged, HUNGARY) with
isolated macrodactyly on the third and fourth fingers of the left
hand (Fig. 1a). X-ray imaging proved that the disease is
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DO Unaffected family
members
. Investigated patient with
isolated macrodactyly

Fig. 1. Macrodactyly and syndactyly in a 4-year-old girl. (a) Clinical features and (b) bone radiographs of the patient. (c) The patient's family is clinically asymptomatic.

characterized not only by the overgrowth of the soft tissues but also
by the overgrowth of the bones of the affected fingers (Fig. 1b). In
addition to macrodactyly, syndactyly was associated with
concrescence of the fingers and was constrained to the soft tissues
of the affected fingers and not to the bones (Fig. 1a,b). The macro-
dactyly and syndactyly of the left hand was present at birth and
slowly progressed with the growth of the child. On examination, no
vascular abnormality was present. There was no associated ab-
normality of the internal organs. Other body parts were symmetric
and equally developed. The patient's parents were clinically unaf-
fected, and they were not aware of any other family members with
either macrodactyly or syndactyly (Fig. 1c).

The performed genetic investigation was approved by the In-
ternal Review Board of the University of Szeged. The study was
conducted according to the Principles of the Declaration of Helsinki.
After informed consent was obtained from the parents, peripheral
blood sample and deep surgical excision of the affected left hand
were taken in order to perform genetic analysis. Genomic DNA was
isolated with the QIAamp DNA Mini Kit (QIAGEN, Hilden, Ger-
many). Primer sequences were obtained from the UCSC Genome
Browser. The coding regions and flanking introns of the PIK3CA
gene were amplified and sequenced with a traditional capillary
sequencer (ABI Prism 7000). Since traditional sequencing did not
identify any putative causative variant of the PIK3CA gene, muta-
tional hotspots were screened using an in-house PCR-based re-
striction fragment assay which has been previously described
(Keppler-Noreuil et al., 2014) (Cambridge, UK). Examining the re-
gion surrounding codon 542, a PCR product of 180 base pairs in
length was amplified and digested with the Xbal restriction enzyme
for 2 h at 37 °C. The resulting fragments were detected by fluo-
rescent read-out using GeneMapper® software with GeneScan LIZ
500 (Life Technologies Corporation) as the size standard. A mosaic
mutation at codon 542 (c.1624G > A, p.Glu542Lys) was identified in
the affected tissue with 4% mutation burden (Fig. 2a). This mutation
was not present in the genomic DNA sample isolated from the
peripheral blood of the patient (Fig. 2b). This genetic analysis
confirmed that the development of macrodactyly and syndactyly of
the third and fourth fingers of the left hand are the consequence of
the mosaicism of the p.Glu542Lys mutation in the PIK3CA gene.

3. Discussion

The case reported in this study presented with macrodactyly
and syndactyly of the third and fourth fingers of the left hand.
Genetic investigation identified a somatic missense gain-of-
function mutation (p.Glu542Lys) of the PIK3CA gene (ClinVar
database, http://www.ncbi.nlm.nih.gov/clinvar/accession number:
SCV000258982). This mutation affects the helical domain of the
p110a catalytic subunit of the PI3K protein (Samuels et al., 2004).
Functional studies have previously shown that this p.Glu542Lys

variant caused hyperactivation of AKT, a down-stream target of
PI3K in the nerve cells of a patient with macrodactyly (Rios et al.,
2013). This particular mutation has been reported in eight pa-
tients with different forms of segmental overgrowth (Table 1) (Rios
et al.,, 2013; Kurek et al., 2012; Emrick et al., 2014; Maclellan et al.,
2014).

Patients with somatic p.Glu542Lys mutation of the PIK3CA gene
show high phenotypic diversity; Kurek et al. (2012), for example,
described a female and a male patient affected by CLOVES syn-
drome. In addition to macrodactyly, both patients developed lipo-
matous overgrowth of the trunk and the limbs and vascular
anomalies including lymphatic, capillary and venous malforma-
tions. The affected female patient also had a hypoplastic right
kidney (Kurek et al., 2012). A subsequent study reported the pre-
natal diagnosis of CLOVES syndrome in a 27-week-old fetus car-
rying the same somatic mutation of the PIK3CA gene. The observed
clinical symptoms at birth were asymmetric chest and abdomen,
bilateral multicystic malformations and asymmetric growth of the
left leg with macrodactyly of the left foot and a sandal gap between
the first and second toes (Emrick et al., 2014). Rios et al. (2013)
reported two patients with the same somatic mutation; both
were affected by macrodactyly. However, one of the patients was
also affected by true muscular hemihypertrophy, which was also
attributed to the presence of the somatic p.Glu542Lys PIK3CA mu-
tation. A subsequent study has also reported three further patients
with facial infiltrating lipomatosis, which was attributed to the
presence of the somatic p.Glu542Lys mutation (Maclellan et al.,
2014). These patients did not exhibit macrodactyly.

The high phenotypic diversity associated with the somatic
p.Glu542Lys mutation might be explained by the different time
points, in which the mutational events occurred during embryo-
genesis. Patients with CLOVES syndrome might have developed the
same somatic p.Glu542Lys mutation earlier during the embryo-
genesis than the ones with regional overgrowth (macrodactyly or
facial infiltrating lipomatosis).

Genetic analysis has a huge significance for these patients, as
once the genetic cause is determined, pharmacological interven-
tion could be considered as a therapeutic option. In the interim,
there are no clinically approved therapies for this condition;
however there is a theoretical possibility that small molecule in-
hibitors of the PI3K-AKT-mTOR signaling pathway could be effec-
tive therapies for these patients (Segerstrom et al., 2011; lacobas
et al., 2011). Rapamycin (sirolimus) indirectly targets PI3K and
may also be useful in treating macrodactyly (Segerstrom et al.,
2011; lacobas et al., 2011). In addition, rapamycin has been re-
ported to be effective in isolated cases of allied conditions and may
promote a breakthrough in the treatment of macrodactyly and
overgrowth syndromes. However, long-term safety data of this
treatment in PIK3CA-related overgrowth is currently lacking and,
thus, indicates the need for formal clinical trials to evaluate safety
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Fig. 2. Genetic investigation of the Hungarian patient with macrodactyly and syndactyly. (a) DNA was extracted from the affected left hand and subjected to a PCR restriction assay,
which identified the PIK3CA p.Glu542Lys mutation at 4% mutation burden. (b) In DNA extracted from the peripheral blood, the peak indicating the presence of the mutation was
absent in the digested PCR product, indicating the mosaicism of the mutation.

Table 1
Summary of the phenotypic diversity of the patients with somatic p.Glu542Lys PIK3CA mutation.
Patients Index Patient Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Patient 8 Patient 9
Clinical diagnosis Macro-dactyly, Macro- Macro-dactyly, Muscular Facial infiltrating Facial infiltrating Facial infiltrating CLOVES CLOVES  CLOVES
Syndactyly dactyly hemi-hypert-rophy lipo-matosis lipo-matosis lipo-matosis syndrome syndrome syndrome
Publication This report Rios Rios et al., 2013 Maclellan et al, Maclellan et al., Maclellan et al, Kurek etal.,  Kurek Emrick
et al, 2014 2014 2014 2012 etal, 2012 etal,, 2014
2013

Percentage (%) of 4 NR NR 23 30 16—18 8 6—13 38
somatic
mosaicism

Lipomatous
overgrowth

Face NR NR NR + + + NR NR NR

Trunk NR NR NR NR NR NR + + +

Limb(s) + + + NR NR NR + + +

Vascular anomalies

Lymphatic NR NR NR NR NR NR + + +
malformation

Capillary NR NR NR NR NR NR + + +
malformation

Venous NR NR NR NR NR NR + + +
malformation

Musculoskeletal

Macrodactyly + + + NR NR NR + + +

Limb asymmetry NR NR NR NR NR NR + +

Scoliosis NR NR NR NR NR NR +

True muscular NR NR + NR NR NR NR NR NR
hemihypertrophy

Other findings NR NR NR NR NR NR Hypo-plastic NR Epidermal

right kidney nevi

NR = not reported.
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and efficacy. In light of the current situation, detailed genetic
investigation and publication of these isolated cases is essential.
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Summary

Neurofibromatosis type 1 (NF1; OMIM 162200), a dominantly inherited multitumor
syndrome, results from mutations in the Neurofibromin 1 (NF1) gene. We present
the case of a Hungarian woman with the clinical phenotype of NF1 over her whole
body and the clinical features of unilateral overgrowth involving her entire left leg.
This unusual phenotype suggested either the atypical form of NF1 or the coexistence
of NF1 and overgrowth syndrome. Direct sequencing of the genomic DNA isolated
from peripheral blood revealed a novel frameshift mutation (c.5727insT,
p.V19091sX1912) in the NF1 gene. Next-generation sequencing of 50 oncogenes
and tumour suppressor genes, performed on the genomic DNAs isolated from tissue
samples and peripheral blood, detected only wild-type sequences. Based on these
results, we concluded that the patient is affected by an unusual phenotype of NF1,
and that the observed unilateral overgrowth of the left leg might be a rare conse-

quence of the identified c.5727insT mutation.

Neurofibromatosis type 1 (NF1; OMIM 162200) is a
rare monogenic disease with autosomal dominant
inheritance, caused by mutations in the Neurofibromin
1 (NF1) gene." The clinical features of NF1 involve
pigmentary changes such as café-au-lait macules and
axillary freckling, development of cutaneous fibroma-
tous tumours, and development of hamartomas of the
iris known as Lisch nodules.! Besides these symptoms,
central nervous system and skeletal abnormalities
(scoliosis, pseudoarthrosis of the tibia, macrocephaly
and short stature) can occur.> Frequently reported
vascular symptoms include vascular dysplasia with
cerebral, gastrointestinal and/or renal involvement,
and renovascular hypertension.>>

NF1 may be caused by many different loss-of-
function mutations of the NFI1 gene.' In about 5% of
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patients with NF1, microdeletions of the NFI gene
and/or the surrounding genomic region are responsi-
ble for the disease.* In patients with NFI micro-
deletion, somatic overgrowth has been frequently
observed.> Mosaic overgrowth affecting a well-defined
region of the body have only been rarely reported in
NF1.

We report the case of a Hungarian woman present-
ing with the classic clinical features of NF1 and with
unusual unilateral overgrowth of her left leg. The
symptoms of NF1 were visible over her whole body,
while the overgrowth was present only in her left leg.
Our aim was to identify the underlying genetic abnor-
mality of this unusual case and determine whether the
patient is affected by two independent diseases or
whether the symptoms of the left leg are an unusual
manifestation of NF1.

Report

A 52-year-old Hungarian woman presented with an
unusual phenotype, exhibiting the clinical features of

Clinical and Experimental Dermatology 1
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NF1. The typical skin symptoms of NF1 were present
in the patient, including neurofibromas and cafe-au-
lait macules on her body (Fig. 1a,b), and axillary
freckling. Ophthalmological examination determined
the presence of Lisch nodules. Imaging studies did not
find any indication of central nervous system malig-
nancies. Skeletal abnormalities such as scoliosis, tibial
pseudoarthrosis, short stature and macrocephaly, were
not present. Based on the clinical symptoms, the diag-
nosis of NF1 was established.

However, in addition to the aforementioned clinical
features, the patient was also noted to have hyper-
trophy of the left leg, resulting in significant differences
in the circumference and length of the legs (Fig. 1c.d).
This abnormality of the left leg was already present at
birth. Imaging studies verified unilateral osteohyper-
trophy affecting the left leg. The patient was not
aware of any relevant chronic diseases or other family
members with NF1 or with overgrowth syndromes
(Fig. le).

Following ethics approved by the internal review
board of the University of Szeged (Szeged, Hungary),
genetic studies were carried out, conducted accord-
ing to the principles of the Declaration of Helsinki.
Written informed consent was obtained from all par-
ticipants. Tissue biopsy of the left leg and blood
sample were taken from the patient, and genomic
DNA was isolated (BioRobot EZ1 DSP Workstation;
QIAGEN, Hilden, Germany). Her family members
were unwilling to provide material for genetic inves-
tigation.

To confirm NF1, the coding regions and flanking
introns of the NFI1 gene were amplified and
sequenced. Direct sequencing of genomic DNA isolated
from the peripheral blood sample revealed a novel
frameshift mutation (c.5727insT, p.V1909{sX1912) in
exon 39 of the NF1 gene (Fig. 2). The patient carried
the mutation in heterozygous form (Fig. 2a), while
unrelated controls (n=50) carried the wild-type
sequence (Fig. 2b).

To verify overgrowth syndrome, the coding regions
and flanking introns of the PIK3CA gene were ampli-
fied and sequenced. As traditional sequencing of geno-
mic DNA isolated from the peripheral blood and from
the tissue sample of the left leg did not identify any
putative causative variant of the PIK3CA gene, muta-
tional hotspots were screened using an in-house PCR-
based restriction fragment assay.’® As these also did
not identify any overgrowth-causing mutation, next-
generation sequencing of approximately 2800 muta-
tions from 50 oncogenes and tumour suppressor genes
recorded in the Catalogue of Somatic Mutations in
Cancer (COSMIC) was performed (Ion AmpliSeq "
Cancer Hotspot Panel v2; Thermo Fisher Scientific,
Waltham, MA, USA), but also did not identify any
putative causative variant that could be responsible
for the overgrowth of the left leg.

This patient presented with the clinical features of
both NF1 and left leg overgrowth. Such an atypical
clinical form of NF1 has not been reported previously.
However, the phenomenon of ‘vascular neurofibro-
matosis phenotype’ and the relatively frequent

(e)

. Investigated patient
with NF1 and KTS

Figure 1 An unusual phenotype of neurofibromatosis (NF)1 in a 52-year-old Hungarian woman. The patient presented with the clini-
cal phenotype of NF1 over her whole body, including (a) her chest and (b) back. (c,d) Unilateral osteohypertrophy affected the left leg.

(e) The rest of the patient’s family were clinically asymptomatic.
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(@

Asn Phe Trp Lys Ser Val lle Ser
TTAGAATTTTTGGAAGAGTGTATTTCT
TAGAAT TTTTGGAAGAGTGT /\/\
DNA sequence of the patient
(b)

Leu Glu Phe Leu Glu Glu Cys lle Ser

TTAGAA TTTTTGGAAGAGTGTATTTCT

DNA sequence of the controls

Figure 2 (a,b) Direct sequencing of the NFI gene. Direct sequencing revealed a novel single-nucleotide insertion resulting in a frame-
shift and the formation of premature termination codon (c.5727insT, p.V1909fsX1912). (a) The patient carried the mutation in
heterozygous form. (b) Unrelated, healthy controls carried only wild-type sequences.

association of NF1 with vascular dysplasia have been
frequently reported in the literature.” NF1 can also be
accompanied by skeletal abnormalities, such as sphe-
noid wing dysplasia, macrocephaly, scoliosis, vertebral
disc dysplasia, pseudoarthrosis of tibia and short sta-
ture.®® Therefore, it was important to distinguish
whether the patient was affected by two independent
rare diseases or the symptoms of the left leg were the
results of the atypical vascular and skeletal manifesta-
tions of NF1.

Our results demonstrated a novel heterozygous
single-nucleotide insertion in the NF1 gene, leading to
a frameshift and the formation of a premature termi-
nation codon (c.5727insT, p.V1909fsX1912). Because
this mutation was present in the genomic DNA iso-
lated from the peripheral blood of the patient, we sug-
gest that this sequence change is a germline
mutation. Considering that there is no other clinically
affected member in the patient’s family and that NF1
exhibits autosomal dominant inheritance, we hypothe-
size that this is a de novo mutation of the NF1 gene.
The genotype—phenotype correlation is generally poor
in NF1, with the exception that patients with large
deletions in the NF1 gene tend to have severe pheno-
types.'® NF1 mutations usually result in loss of
tumour suppressor function by disrupting the NF1
protein’s ability to maintain the proto-oncogene RAS
in an inactive form.'! We suggest that this novel NF1
mutation is the causative mutation for the
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development of NF1, and that it is highly possible that
the presence of the unilateral limb hypertrophy is also
the consequence of this mutation.

In conclusion, we report a patient with both the
clinical features of NF1 and overgrowth of the left leg.
To our knowledge, our study is the first to clearly elu-
cidate the genetic background of such a complex case,
and further confirms the causative role of the somatic
mutations of the NF1 gene in the development of
overgrowth.
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Learning points

» The case reported in this study was presented
with the clinical features of both NF1 and left leg
overgrowth.
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e The unusual clinical phenotype including the
left leg overgrowth is the atypical manifestation
of NF1.

» The patient carries a disease-causing germline
mutation of the NF1 gene.

» The patient does not carry any somatic muta-
tion of PIK3CA or other genes.

» Our study elucidates the genetic background of
the investigated case with unusal phenotype, and
confirms that the observed left leg overgrowth is
the consequence of NF1.
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